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Abstract 
A program to develop nondestructive testing techniques to enable prediction of the 
reliability of primary lithium cells has been underway since FY 1981. Various 
candidate techniques, such as microcalorimetry and complex impedance analysis were 
considered and tried. Statistical analysis of available data from this program indicates 
that several measurements derived from complex impedance analysis directly relate to 
the capacity condition of the cell. These measurements could form the basis for 
predicting cell performance and therefore cell reliability for a particular application. 
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Final Report of Lithium Ambient-Temperature 
Battery Reliability 

Introduction 
The objective of this program was to develop a 

nondestructive testing methodology to predict the 
performance of primary lithium cells for long-life 
applications. If the performance predictions are accu- 
rate, then the nondestructive techniques can be used 
to effect a screen in order to improve battery reliabd- 
ity. The nondestructive techniques that were used in 
this study were open-circuit voltage measurements, 
complex impedance analysis, and microcalorimetry. 
The testa supporting this program used three differ- 
ent groups of Li/SOp D-cells-PM (cells of an old 
design without improved glass-to metal seals), NE 
(cells of similar design to PM cells but with TA-23 
glass-to-metal seals), and SM (Sandia modified cells). 
Further information on these cells and the results for 
the PM and NE cells can be found in the references in 
Appendix A. 

The references in Appendix A also provide fur- 
ther information about this program and an explana- 
tion of some of the data formats and terminology used 
in this report. The first three reports covered the 
periods of May 1981 through April 1982, May 1982 
through April 1983, and May 1983 through April 
1985. This new report covers the work done by Sandia 
National Laboratories from May 1985 to the end of 
the program. The program results and discussions, as 
well as the subsequent data analysis, will concern the 
SM cells. Earlier reports presented the results for the 
PM and NE groups. 

Program Activities 

May 1981 - April 1982 
Laboratory space was obtained and equipped. 

The test matrix was defined. Cells for the test pro- 
gram were selected and purchased. The evaluation 
and development of electrochemical and analytical 
techniques were begun. Software was developed for 
the complex impedance measurements and a simple 

curve-fit program was written. Experimental work 
was begun. Complex impedance measurements were 
performed using an HP4192 Impedance Analyzer and 
an HP9826 computer. Microcalorimetry measure- 
ments were made using a Tronac 351-RA Battery 
Calorimeter. The microcalorimetry results were re- 
corded on a strip recorder. 

May 1982 - April 1983 
The battery reliability laboratory was completed. 

Low-frequency impedance capability was developed 
using an HP3325 Function Analyzer and HP9242 
Multiprogrammer. A WICAT 150s Computer and a 
Hart microcalorimeter were obtained and further 
data acquisition and analysis were performed using 
the computer. The baseline cells for the first two 
groups (PM and NE) were completed. All of the cells 
for the test matrix were received. The test matrix was 
begun for the PM and NE cells. 

May 1983 - April 1985 
A data management system was developed for 

handling the program data. Most data was trans- 
ferred to the HP3000. The data acquisition and 
analysis system for the microcalorimeters was refined. 
A complex least-squares curve-fit algorithm was de- 
veloped to fit the complex impedance data. Measure- 
ments for the PM cells were completed. Some of the 
PM cells failed during storage. A preliminary statie- 
tical analysis was performed on the available data. 
Problems with the WICAT 150 computer and 
microcalorimeters continued to hamper accomplish- 
ment of the test matrix. 

May 1985-June 1987 
All cell measurements were completed. A compre- 

hensive analysis was performed on the experimental 
data for the SM cells with the primary objective being 
to find parameters derived from the various non- 
destructive analyses that relate to performance (ca- 
pacity). A regression tree analysis was found to be the 
most informative type of analysis. 
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Results and Discussion 
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Test Matrix 
To support this program, a test matrix was de- 

signed. The test matrix, consisting of 140 fresh, 
spirally-wound Sandia modified D-cells from a single 
lot, stored under various conditions and discharged at 
various rates, is outlined in Table 1. Each group of 
cells (PM, NE, and SM) had an identical test matrix. 
Initially all cells had complex impedance and open- 
circuit voltage measurements performed to establish 
a frame of reference for each cell. On the cells to be 
discharged at 57 and 0.8 Q, microcalorimetry measure- 
ments were also performed. All cells were stored at a 
mildly accelerated-aging temperature of 4OoC, half at 
open circuit (OC) and half under a light-load of 
7500 Q (LL), except for 20 cells which were discharged 
immediately (baseline cells, BL). Prior to discharge, 
nondestructive tests were performed on all cells. The 
cells were then discharged at one of the five rates 
specified by the test matrix. 

Table 2 shows the cell assignments within the test 
matrix for the SM group. The SM cells used TA-23, 
the Sandia-developed corrosion-resistant glass. Some 

1.6 YR 

oc u 

SM cells were filled a few days after the others. 
Although the cells are of the same design, the data 
from the cell measurements for these last ten cells 
differ from those of the other SM cells. 
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Table 1. Test matrix for battery reliability 
program 
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temperature 
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Capacity Measurements 
Figure 1 displays the observed relationships be- 

tween median remaining capacity (each data point 
represents the median value for four cells) and dis- 
charge rate for the range of storage conditions for the 
SM group. 

The load applied during the final discharge 
clearly affected the remaining capacity. From Figure 
1, it is clear that the discharge rate effect is strongest 
for the LL cells. It is also clear that there is a loss of 
capacity in the LL cells over and above that due to the 
capacity removed during storage, approximately 0.28 
Ah per month. 

Figure 2 shows how the total capacity (including 
that removed during storage) changes with respect to 
storage time for low-rate (LRa0.05A) and high-rate 
( H R  x 1.OA) fmal discharges. For OC cells, the LR 
discharge suffered a 0.45 Ah/year capacity loss and 
the HFt discharge had a 0.95 Ah/year capacity loss. 
For the LL cells, the LFt discharge suffered a 2.95 
Ah/year capacity loss and the HR discharge suffered 
a 5.10 Ah/year capacity loss. Only part of the actual 
capacity loss can be explained by a "true" loss in 
capacity (capacity, removed during storage). Part of 
the capacity loss, even at low rates, is due to a loss of 
rate capability. 

- .  
\ -  

-e 
\ 

BL 
OC06 

OC18 
oc12 

L. LL06 

Figure 1. Selim-Bro plot of remaining capacity versus discharge current. Performance of SM cells after storage. 
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Figure 2. Total capacity versus storage time at  4OOC. 
HR - high rate (1.OA); LR - low rate (0.05A). 

Cell Voltage 
Cell voltage measurement is the easiest of the 

nondestructive techniques that can be applied to a 

cell. In our study, we identified a number of anoma- 
lous factors that affect the cell voltage, e.g., electro- 
lyte decomposition during storage at elevated temper- 
atures, and discharge through an internal load (e.g., 
short across the glass-to-metal seal). Although the 
influence of some of these factors was readily appar- 
ent, open-circuit voltage did not prove to be a reliable 
indicator of the residual capacity. Generally, the cell 
voltage for the OC cells continually increased over the 
18-month period. In the case of the LL cells, the cell 
voltage reached some maximum between 12 and 18 
months. This maximum is a cell’s voltage while under 
discharge and may be attributed to the influence of 
the bulk electrolyte conductivity effect. Figure 3 
shows, using a “box and whisker” plot, how open- 
circuit voltage changes with respect to the various 
storage regimes. The top and bottom of the “whis- 
kers” represent the range of values for th is  data set. 
Note that each box and whisker diagram summarizes 
the distribution of OCVs for 20 cells. The top of the 
box represents the 75th percentile and the bottom of 
the box represents the 25th percentile. The line inside 
the box represents the median value (50th percentile) 
for the data set. 

8L oc-6 oc-12 oc-le u-6 LL-I2 &-le 
STORAGE CONDITIONS 

Figure 3. Distribution of OCV values versus storage conditions. BL - baseline; OC - open-circuit 
storage; U - light-load storage; storage period: 6,12, and 18 months. 
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Microcalorimetry 
Microcalorimetry is a very sensitive technique 

that enables one to measure heat flux in the microwatt 
range. Although microcalorimetery has been used 
quite satisfactorily with certain heart pacemaker bat- 
teries, we were unable to relate the measured heat 
output to the residual cell capacity. Generally, the 
magnitude of the heat flux was too small to account 
for significant capacity loss. Most cells stabilized to 
about 20 p W  after highly random initial heat values 
(Table 3). Early-life microcalorimetry measurements 
are probably of no diagnostic value because of this 
great variability. Microcalorimetry may be useful as a 
system characteristic after some storage period. A 
heat flux of 20 p W  for a Li/S02 D-cell is roughly 
equivalent to a corrosion current of 8 4. This trans- 
lates to about only 0.07 M y e a r  capacity loss. 

Complex Impedance Analysis 
The complex impedance spectrum for a L B O 2  

D-cell consista of contributions from three different 
sources. The vedor s u m  of these three elements over 
the given frequency range yields the total cell imped- 
ance. The three elements are the ohmic component, 
the lithium anode impedance, and the porous carbon 
cathode collector impedance. Figure 4 shows the 
relative contributions of each of these components. In 
general, the large semicircular component(s) of the 
spectrum can be attributed to the passive film on the 
lithium anode, and the liiear region at lower frequen- 
cies can be ascribed to the contribution from the 
porous carbon cathode colledor. 

Figure 5 shows another typical complex imped- 
ance spectrum for the cells being studied in this 
program, with ten impedance parameters identified 
that were used to characterize the spectrum. Esti- 
mates of these parameters were obtained using a 
nonlinear least-squares regression program. As previ- 
ously shown in an eaxlier report, this curve-fitting 
algorithm provides an excellent fit of the experimen- 
tal data. 

The ohmic component is represented by the high- 
frequency intercept, R1. This parameter is related to 
the bulk electrolyte resistance plus other “bulk” ef- 
fects such as solid resistances and uncompensated 
lead resistances. The impedance of the leads, which 
can contain a considerable inductive component, is 
compensated for during the cell measurements. In 
some instances at the very high frequencies, a small 
inductive component is observed, which may possibly 
be due to the geometry of the cell’s electrodes (e.g., a 
spirally wound cell). 

Table 3. Mean heat fluxes and standard 
deviations for SM cells (pW) 

Before Storage After Storage 
Std. Std. 

Cell Mean Div. Mean Div. 

93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 

32.3 
32.2 
0.575 
33.9 
0 

2.13 
41.6 
29.2 
10.5 
18.8 
12.4 
59.0 
133 
11.2 
11.1 
10.6 
31.9 
48.4 
6.81 
23.1 
46.6 
8.70 
29.2 
25.7 
5.57 
56.5 
24.0 
16.0 
28.4 
151.5 
11.0 
28.5 
9.75 
9.29 
12.8 
8.00 
34.4 
45.6 
86.6 
78.4 
97.4 
90.0 
71.9 
123 
67.5 
91.9 
95.7 
69.4 

0.80 
0.47 
1.8 
1.5 
0 

2.0 
0.71 
0.74 
0.37 
0.91 
0.71 
1.1 
0.34 
1.1 
0.85 
0.47 
0.34 
0.69 
1.3 
0.53 
0.97 
0.55 
0.42 
0.61 
0.32 
3.2 
0.46 
0.36 
1.0 
0.65 
0.46 
0.19 
0.66 
0.48 
1.6 
0.66 
0.48 
3.2 
0.42 
0.68 
0.57 
0.58 
0.44 
0.38 
0.31 
0.31 
0.51 
0.92 

15.0 0.72 
17.3 1.8 
23.5 1.6 
18.5 4.2 
19.3 1.5 
20.6 1.7 
19.8 2.4 
15.4 2.3 
24.1 1.9 
18.0 1.2 
25.2 2.0 
20.8 1.7 
14.2 0.74 
18.2 1.5 
19.7 1.8 
14.4 0.94 
28 
23 
22 
34 
24 
16 
20 
20 
35 
33 
35 

9500 
39 
675 
41 
44 
27 
13 
16 
16 
16 
14 
33 
32 
30 
25 
26 
19 
29 
25 
28 
25 
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Figure 4. Contribution of cell components to imped- 
ance in a Li/S02 D-cell 

0.25 

Figure 5. Complex impedance spectrum parameters 
for W S O ,  D-cell 

Under open-circuit storage conditions, the ohmic 
component changes only as a result of electrolyte 
decomposition, resulting in a decrease of SO2 concen- 
tration and possibly the buildup of a solid reaction 
product within the porous carbon cathode. As wil l  be 
shown later, no significant change in R1 was noted for 
the open-circuit storage cells. As cells are discharged, 

two things occur that may affect the magnitude of R1: 
(1) the concentration of SO, decreases, affecting the 
bulk electrolyte conductivity (Figure 6), and (2) ap- 
proximately 17% of the SO, is removed during a 
six-month period for the light-load cells. Figure 7 
shows how R1 changes with respect to storage condi- 
tion. 

The OC cells show no change in R1, whereas Rl  
increases almost linearly for the LL cells. From Figure 
6, it is apparent that the increase in R1 cannot be 
attributed to changes in the electrolyte conductivity 
because conductivity first increases and then de- 
creased during discharge. In addition, a solid reduc- 
tion product, lithium dithionite (Li2S20,), builds up 
within the porous carbon cathode collector. We at- 
tribute the changes in R1 for the light-load cells to 
this factor. 

The lithium anode is represented by one or two 
semicircular elements considered to be in series; each 
semicircular element consists of three variables. The 
variables for the first semicircle are the diameter, D1; 
the skew angle, Al; and the frequency at the maxi- 
mum reactance, F1. The second semicircle has similar 
variables-D2, A2, and F2. Although we believe this 
second semicircle is related to the lithium passive 
film, we have not assigned any specific physical 
significance to it. The values for the second semicircle 
were quite inconsistent and were not found to be 
related to cell performance. 

For the first semicircle, the diameter and fre- 
quency of the semicircular components can be related 
to the properties of the lithium passive film. In earlier 
laboratory experiments, the activation energies were 
estimated from the semicircular component of the 
spectra of both Li/S02 D-cells and Li electrodes (in 
similar electrolyte, over a temperature range from 
-3OOC to 7OOC). The estimated activation energies 
were the same for both experiments (0.63 eV). Like- 
wise, the capacitance derived from the semicircular 
component is characteristic of a dielectric film. The 
values of D1 and F1 can be used to estimate the film's 
capacitance and an apparent film thickness. 

Figure 8 shows how D1 changes with respect to 
storage condition. D1 increases for both the OC and 
LL cells. For the OC cells, D1 increases about 2.7 
Wyear. For the LL cells, D1 increases about 2.8 
Wyear. The increase in D1, being nearly the same, 
whether cells are at OC or U, is suggestive of a 
continuous increase in the cell impedance, regardless 
of any external load being placed on the cell. In 
another program that used Li/S02 D-cells, the value 
for D1 was found to increase with increasing temper- 
ature (T) according to the following expression: 
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Log(D1) = a  + bT + e ,  

where a and b are constants and E is a random error. 
The physical significance of the skew angle, Al ,  is 

less clear. In almost all lithium ambient-temperature 
batteries, the semicircular component ascribed to the 
lithium passive film is not centered on the resistance 
axis. Several explanations have been offered to ex- 
plain this skewing; they include a distribution of 
relaxation constants, nonuniform surface coverage, 
and electrode roughness. As wil l  be discussed later, 
the skew angle does change as capacity is removed 
from the cells. Besides the physical causes for this 
Occurrence there is also another reason for this trend 
in our study, arising from the fact that the fitting- 
function used to curve-fit the data involves a semicir- 
cle. To adequately fit some of the data, the semicircle 
must be significantly displaced off the resistance axis. 

The parameter A1 is particularly sensitive to the 
qualitative shape of the semicircular component. Fig- 
ure 9 shows the complex impedance spectrum for a 
cell stored at open-circuit conditions and one stored 
under light-load conditions, after 18 months' storage 
at 4OOC. In the high-frequency region, cells that have 
been discharged appear to have a linear region. To fit 
this region using a semicircle, the semicircle must be 
displaced to greater degree off the resistive axis. This 
results in larger A1 values for light-load cells. Figure 
10 shows how A1 changes with respect to storage 
condition. A reasonable physical explanation of what 
is causing this flattening of the semicircle at the 
high-frequency region has not been developed at this 
time. This phenomenon occurs for all discharged cells 
and may be due to changes in the physical and 
electronic properties of the lithium anode as a result 
of being discharged (e.g., increased anode roughness, 
dielectric fh). 

0 
0 20 40 60 80 

SO, CONCENTRATION. Wt% 

Figure 6. Changes of electrolyte conductivity as a function of SO,. The figure on the left is for a mixed 
acetonitrileDC electrolyte. 
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Figure 7. Distribution of R1 values versus storage conditions 
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Figure 8. Distribution of D1 values versus storage conditions 
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The porous carbon cathode collector is repre- 
sented by an inclined line sometimes called a 
constant-phase angle. Three variables contribute to 
the impedance of this element: they are the intercept 
of the line with the resistance axis, 13; the angle 
between the line and a line normal to the resistance 
axis, A3; and the frequency characteristic for that 
line, F3. Based on laboratory cell measurements, it 
has been found that the porous carbon cathode col- 
lector behaves very much like a semi-infiiite linear- 
pore electrode. The geometric parameters of the po- 
rous carbon cathode collector are very important with 
regard to its contribution to the impedance spectrum 
and the subsequent discharge behavior. In particular, 
the discharge of these cells during storage would 
result in the deposition of a solid product with the 
porous carbon and affect its mass transport proper- 
ties. This low-frequency linear region that we associ- 
ate with the carbon cathode collector is really a part 
of a very large semicircular component which can be 
related to the SO2 reduction on the porous carbon. 
Because the surface area for the cathode collector is 
so large and the SO2 reduction reaction is so slow, the 
magnitude of this semicircle is very large. Measure- 
ments have been performed to as low as O.OOO1 Hz, 
and the semicircle is still not clearly evident.. As wil l  
be discussed in the following section, although it is 
known that the carbon cathode collector plays a 
significant role in the performance of the Li/S02 
D-cell, no relationship was found between the three 
measured parameters related to this component and 
cell performance. 

Data Analysis and Cell 
Screening 

The purpose of the data analysis was to identify a 
subset of nondestructive measurement variables that 
related empirically with the capacity remaining at the 
time measurements were made. It is expected that 
this subset of variables will form a basis for a good 
predictor of remaining capacity. A good predictor of 
remaining capacity could then be used to screen cells. 

Identification of Relevant 
Predictors 

Correlation analysis (SAND85-1518), segregated 
by discharge rate, showed that several nondestructive 
measurement variables related empirically to remain- 
ing capacity. The three most significant members of 
this group are R1, D1, and Al. With some interpre- 
tation, Figure 11 illustrates the joint relationship 
between these variables and remaining capacity as a 
function of storage regime and discharge rate. 

The graphical tool used in these figures is referred 
to as a glyph. Each symbol represents an individual 
cell and is composed of a circle representing remain- 
ing capacity and three legs representing R1, D1, and 
Al. The radius of the circle is proportional to the 
remaining capacity of the represented cell, whereas 
the lengths of the three legs are proportional to the 
magnitudes of the three nondestructive measurement 
variables. The four cells within each storage regime, 
discharge-load group are arranged positionally in 
increasing order of remaining capacity (lowest to 
highest). The positions are: 1 - upper left, 2 - upper 
right, 3 - lower left, and 4 - lower right. 

From these glyph diagrams, one can easily ob- 
serve the effects of discharge-load and storage regime 
on capacity. The diameter of the circles generally 
increases as one proceeds from left to right and 
bottom to top across the figures. In correspondence to 
the second of these patterns, notice that the leg sizes 
generally decrease from bottom to top, especially in 
the case of the light-load cells. The implication is that 
R1, D1, and A1 increase with decreasing capacity. 
These figures serve to illustrate the joint relationship 
between these measurement variables and capacity. 
Clearly, there is some predictive relevance jointly 
contained among these three measurements that en- 
able discrimination between fresh and aged (poorer 
performing) cells. More subtly, there is a significant 
pattern within groups of fned treatment (storage 
regime and discharge load). There is some correspon- 
dence between relative performance within a group of 
four cells and R1, D1, and Al. In general, performance 
is inversely related to the length of the legs (values of 
R1, D1, and Al). Thus, not only is there predictive 
relevance to allow discrimination between treatment 
groups, but there is also some predictive relevance 
within R1, D1, and A1 that allows for discrimination 
within treatment groups. 
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Figure 11. Glyph plot of impedance parameters and remaining capacity 
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Regression Tree Modeling 
In an ideal situation, one would like to model 

remaining capacity using conventional techniques 
(e.g., model remaining capacity as a linear combina- 
tion of the predictor variables). However, this was not 
possible for a number of reasons, foremost of which is 
the complexity of the relationship between remaining 
capacity and the predictor variables. Complexity here 
refers to the large number of predictor variables and 
the lack of a linear relationship. Other contributing 
reasons that reduce the effectiveness of conventional 
methods include: (1) significant uncertainty in the 
parameters derived from the complex impedance 
spectra, and (2) high correlation among the predictor 
variables. Because of these problems with conven- 
tional modeling, regression tree modeling was an 
attractive approach 

Basically, a regression tree model is developed by 
partitioning the multidimensional space of candidate 
predictor variables into regions where, within a re- 
gion, the values of the response variable is similar. 
This partitioning is accomplished through a series of 
binary splits of the data set that results in a tree-like 
structure. The tree ~onsists of a series of logical tests 
and a set of terminal nodes that define each region. 

One complication in the analpis is that perfor- 
mance depends on the discharge rate. To compensate 
for this, an adjusted value of the remaining capacity 
was used as the response variable. Table 4 indicates 
the values used for the various loads. 

Table 4. Acceptable capacity for each 
discharge load 

Y = RemCap - 8.50Ah 57 ohm bad 
8.25Ah ?l ohm bad 
8.00Ah 5.5 ohm bad 
7.- 3.0 ohm load 
7.50Ah 0.8 ohm load 

DEFINE 
‘Good’ if Y a o  
‘Bad’ if Y < 0 

The “good” and %ad” criteria are used in Table 5. 

For this problem, a computer program called 
CART (Classification and Regression Trees) supplied 
by California Statistical Software, Inc., was used to 

construct a regression tree model using the adjusted 
values of remaining capacity. CART splits the data 
set and builds a tree according to certain optimum 
criteria. (See L. Breiman, T. H. Friedman, R. A. 
Ohlson, and C. J. Stone, Classification and Regres- 
sion Trees, Wadsworth, Belmont, CA, 1984.) CART 
constructed a model of normalized capacity based on 
a set of predictor variables (10 parameters derived 
from the complex impedance spectrum and open- 
circuit voltage, OCV) from each of the 140 observa- 
tions. Figure 12 illustrates the resulting binary tree 
structure. 

The logic used to partition the data set into its 
terminal nodes, as well as the order of the partition- 
ing, is provided in Figure 12. In addition, a short 
summary of the terminal node characteristics (n, 
median, and mad) is also provided. The number of 
observations that were partitioned into an individual 
node is “n”. The “median” value of Y for observations 
in a particular node is indicative of the typical per- 
formance of cells in that node. The =mad” is the 
median absolute difference between the observed Y 
and the median value of Y, for a fried terminal node. 
It is reflective of the dispersion in performance within 
a node. 

From Figure 12, it is clear that terminal nodes A 
and B represent regions in which performance is 
relatively good (median adjusted performance is >O). 
Cells in both of these cases had reasonably small 
values of R1. In node A, cells also had relatively small 
values for Al. Node B, which was a small step down in 
performance from node A (median Y = 0.39 versus 
median Y = 0.67), is characterized by moderate A1 
and a relatively high OCV, in addition to a low R1. 

Examination of other structures of the regression 
tree allows for more useful interpretation. Note, for 
instance, that nodes D and E are different only with 
respect to Al. Node D cells had relatively small values 
of A1 and better performance than node E cells. Also 
note that cells in nodes (F, G) and (H, I) were 
partitioned by the OCV. Cells in nodes (F, G) had 
relatively small OCV and correspondingly poorer per- 
formance. In summary, interpretation of the regres- 
sion tree can lead to several general conclusions about 
the relationship between the nondestructive measure- 
menta made and cell performance. Performance 
seems to be strongly related to R1, Al, and OCV. 
Good performance is most likely when R1 and A1 are 
jointly low (node A). The lack of D1 as a splitting 
variable in the tree structure does not imply that D1 
has no predictive relevance by itself. It does imply 
that D1 adds nothing significant to the prediction 
ability of the model, given the presence of R1 and Al. 
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19 
-.8 
.69 
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I1 

-5.8 
1.0 

n F 
20 2 
-1,6 -6=4 
-70 .54 

Figure 12. Regression tree diagram and results from the CART analysis 

Cell Screening 
From an operational viewpoint, what is needed is 

an ability to identify those cells with a serious capac- 
ity deficiency. A conceptually simple methodology 
that achieves this is a ”decision tree”. In the decision 
tree approach, observed values of important vari- 
ables, such as R1 and Al, are compared with some 
threshold values. Each comparison yields a binary 
response (acceptheject) which corresponds to predict- 
ing relatively high or low capacity for the cell. For a 
cell to be accepted, each comparison must yield an 
“accept” response, Figure 13. The selected threshold 
values, XI and X,, would depend upon our previous 
empirical observations, desired capacity, and the 
specification of one of two types of risk. Type I risk is 
defined as the probability of rejecting a cell that, if 
discharged, would meet the capacity requirements. 
Type 11 risk is defined as the probability that a cell 
that has been accepted wil l  not meet the capacity 
requirements. 

For high-reliability applications, one would select 
relatively low target values for Type 11 risk. This 
implies the selection of relatively stringent threshold 
values which generally imply relatively large Type I 

A 
21 

-7.6 
23 

w 
7 

-26 
.64 

I 
6 
-4.3 
.94 

risk. So, as we require higher reliability, we would 
generally reject more “good” cells. Therefore, the 
problem is to fmd relevant variables and a set of 
threshold values that both minimize Type 11 risk yet 
do not make the Type I risk unacceptably large. 
CART selects the optimal set of prediction variables 
and threshold values, given an esisting data set and a 
specification of relative risk (Type IrryPe 11). In 
addition, CART provides accurate estimates of the 
risks associated with the set of prediction variables 
and threshold values. 

In view of the CART results, it seems reasonable 
that R1 and A1 could be used in tandem to effect a 
screen that could separate cells that have seen some 
destructive storage from cells that have not. This 
could arise in a situation in which cells have been 
exposed to a variety of unknown environments and 
then are subsequently tested to determine their con- 
dition. If the condition were judged to be relatively 
bad, based on R1 and A1 values, then they would not 
be used. Otherwise, they would be used. This would 
effectively improve the reliability of the cells that 
were ultimately used. 
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NO NO 

- ACCEPT YES 
r START 

Figure 13. Decision tree for cell acceptance. R1 and A1 are impedance parameters. 
XI and X, are selected threshold values. 

The mechanics of such a screen would be simple. 
First, measure R1 and Al. Accept the cell only if R1 
< 0.026 and A1 < 15.5 for that cell. If, within a 
storage regime, discharge-load group, some cells 
passed and some cells failed, the screen generally 
rejected the poorer performing cells. Again, this has 
some practical importance because it indicates that 
this screening technique could separate poor perform- 
ing cells in a group of cells that had seen equivalent 
treatment. Table 5 summarizes the results using the 
above criteria and the remaining capacity for the SM 
cells. (The values for “goodn and “bad” cells were 
defined in Table 4.) 

Table 5. Summary of regression tree 
screening results from the CART analysis 

# # 

‘Good‘ Cells 51 4 47 
‘Bad’ Cells 89 82 7 
Total 140 86 54 

Total Rejected Accepted 

Passed cells only from nodes A and B 

Conclusions 
In summary, interpretation of the regression tree 

leads to several general conclusions about the rela- 
tionship between nondestructive measurements made 

and cell performance. Performance seems to be 
strongly related to R1 and Al. Good performance is 
most likely when both R1 and A1 are jointly low. In 
view of these results, it seems reasonable that R1 and 
A1 could be used in tandem to effect a screen that 
could separate cells that have seen some destructive 
storage from cells that have not. This could arise in a 
situation in which cells have been exposed to a variety 
of unknown environments and then are subsequently 
tested to determine their condition. If the condition 
of the cell was judged to be relatively bad, based on 
R1 and A1 values, then the cell would be rejected. 
Otherwise it would be used. This screen would effec- 
tively improve the reliability of the cells that were 
ultimately used. 

While the idea of using a decision tree to screen 
cells appears to be valid for this particular lot, there 
are several remaining questions. First of all, do R1 
and A1 have predictive relevance over all lots of this 
design of cell? If so, would the critical values for the 
screening purposes (e.g., 0.026 and 15.5) be dependent 
on the lot? The general applicability of this screening 
technique depends on the answer to the above ques- 
tions. To answer these questions, additional studies of 
cells from a variety of lots will have to be performed. 

Based on the resulta from this program, it appears 
that cell parameters derived from nondestructive 
measurements such as complex impedance analysis 
could be used to effect a cell screening tree. Fhcept for 
a few instances where the heat flux from “bad” cells 
was very large, microcalorimetry did not show any 
correlation with cell performance. 
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